Abstract. The dynamics of suprathermal electrons in the presence of magnetohydrodynamics (MHD) activity and the excitation of MHD modes by suprathermal electrons is studied experimentally to improve the understanding of the interaction of fast particles with MHD instabilities in a tokamak. The study focuses on three different aspects of the internal kink mode with poloidal/toroidal mode number m/n = 1/1; the sawtooth instability, electron fishbones and coupled bursts alternating with sawtooth crashes (CAS), all located where the safety factor (q) profile approaches or takes values of q = 1. New quantitative results on suprathermal electron transport and investigation of electron acceleration during sawtooth crashes are followed by the characterization of initial electron fishbone observations on the Tokamak à Configuration Variable (TCV). Finally, the CAS, whose m/n = 1/1 bursts are coupled to a background m/n = 2/1 mode and alternate with sawtooth crashes, are discussed, especially in view of the fast electron dynamics and their role in confinement degradation and mode excitation.
Introduction
Recent advances in suprathermal electron dynamics closely connected to magnetohydrodynamics (MHD) instabilities, especially the m/n = 1/1 internal kink mode, are presented. The experimental study on the Tokamak à Configuration Variable (TCV) [1, 2, 3] covers original results on fast electron acceleration and transport during sawtooth crashes, initial electron fishbone observations and mode coupling.
Sawtooth instability
The sawtooth instability is localized at the q = 1 surface, results in sawtooth-shaped core temperature time traces and can be partly explained by the Kadomtsev model [4, 5] . After a slow rise of central electron temperature (T e,0 ), this model describes the evolution of an internal m = 1 kink mode leading to magnetic reconnection; this in turn results in enhanced bulk plasma transport during this socalled sawtooth crash and flattens the temperature profile. However, the predicted sawtooth period is not consistent with experiments and partial reconnection has been observed too [6] . Especially the magnetic reconnection process is not fully understood. The initial Sweet-Parker model [7, 8] was modified by Petschek [9] by adding a pair of shocks to the diffusive layer [10, 11] . Recent advances were achieved by collisionless reconnection models (based on two-fluid or kinetic description) [12, 13] . The experimental study of magnetic reconnection in a tokamak is very limited by the temporal and spatial resolution of diagnostics that can access the reconnection site.
The investigation of particle acceleration by magnetic reconnection, for which several models for direct and stochastic acceleration exist [14, 15, 16, 17, 18] , may be one of the keys to a fundamental understanding of the sawtooth instability and possibly to a mitigation of its negative effects, such as a reduction of energy and particle confinement and the triggering of secondary deleterious instabilities such as neoclassical tearing modes (NTMs) [19] . Indeed, the observation of electron acceleration during reconnection processes in sawtooth crashes (and disruptions) was reported for T-10 (hard X-ray (HXR) measurements) [20, 21] and TCV (electron cyclotron emission (ECE) diagnostics) [22] .
The transport of suprathermal electrons by sawtooth crashes was studied in Tore Supra [23] . On TCV a large variety of sawteeth can be observed [24] ; after the installation of the novel hard X-ray tomographic spectrometer (HXRS) [25, 26] , a combined study of suprathermal electron transport and acceleration during sawtooth crashes is presented here in section 3.
Electron fishbones
Fast ions can excite MHD instabilities near the q = 1 surface, that are, due to the characteristic bursty (and frequency chirping) signal on the Mirnov coils, called "fishbones". This phenomenon was first observed in the PDX tokamak during neutral beam heating (NBH), causing a 20 − 40% loss of beam heating power [27] . The result was also confirmed and studied on other tokamak experiments like JET [28, 29, 30] . The mode is identified as a m/n = 1/1 internal kink whose excitation can be explained by the resonant interaction of fast ions at the diamagnetic velocity corresponding to the phase velocity of the mode [31, 32] . Recently, similar modes were observed under conditions without ions fulfilling the resonance condition, but under the presence of strong electron cyclotron resonant heating (ECRH) and/or lower hybrid current drive (LHCD). Therefore, it is proposed that fast electrons excite these "electron fishbones". The first observation was reported from DIII-D during off-axis electron cyclotron current drive (ECCD) with the resonance layer on the high field side (HFS), close to the q min 1 surface, and NBH [33] ; it represents the only observation in non-circular plasmas so far. On HL-1M the mode occurred during ECRH on the HFS near the q = 1 surface. Additional LHCD enhanced the mode but could not drive it alone [34] . At much higher power, LHCD alone lead to the fishbone instability on Frascati Tokamak Upgrade (FTU), where the redistribution of suprathermal electrons due to the mode is claimed to be observed too [35] . On HL-2A, where fishbone-like modes were not only seen during HFS, but also low field side (LFS) ECRH deposition at the q = 1 surface, the mode excitation resonance condition was investigated in more detail; including HXR measurements and a comparison to ion fishbones [36, 37, 29] . Observations during LHCD discharges [38] on Tore Supra [39] were compared to the FTU results in [40] . Finally, fishbone-like modes during LHCD are also reported from Alcator C-Mod [41] .
Up to now there is no complete picture of the electron fishbone instability; according to the current understanding it occurs close to the q = 1 surface, preferentially with low or reversed central shear, even with q min being slightly above unity [42] . There are no sawteeth in the latter case [33, 40] , whereas fishbone bursts alternate with sawteeth in discharges with q < 1 [34, 35, 41] . In any case, the drift reversal of the precessing fast electrons driving the mode depends significantly on the local magnetic shear, also via the impact on penetration of shaping [42] . The required inverted spatial gradient of fast electrons is usually accompanied by hollow central electron pressure (p e ) profiles. In terms of plasma shape, circular plasmas are more prone to the instability than elongated plasmas [42] . While barely passing electrons may also resonate with the mode, the role of freely passing particles seems to be limited to the regulation of the pressure and current profiles [43] . The change of the radial position of the mode during a burst can be attributed to the evolution of the equilibrium (q-profile) [40] . The characteristic frequency chirping is connected to the evolution of the resonant electrons' energy and subsequent change in resonant condition. This is also accompanied by a radial displacement of the mode and is reproduced in simulations [44] . The main relevance of electron fishbone studies lies in their parallels to ion fishbones in future burning fusion plasmas with significant alpha particle (α) heating; mainly because large fractions of the particle species are suprathermal, but still in small orbits. Moreover, electron heating systems allow for greater flexibility. As compared to the most advanced fast ion diagnostics such as neutron detectors [45] , suprathermal electron diagnostics provide a much better spatial, energy and time resolution, to analyze the excitation model quantitatively, including the importance of the different regions in velocity space (barely/deeply trapped/passing), and on TCV also with respect to plasma shaping. Despite the good qualitative description theory provides [43, 40, 46, 42] , there are apparent differences in the observations on the various tokamaks. A more systematic experimental study may strongly advance the qualitative description and possibly allow a quantitative description of the electron fishbone mode. Such a study is performed on TCV, where a unique combination of high-resolution MHD and suprathermal electron diagnostics together with high power ECRH is available; the first results are presented in section 4.
Mode coupling
Mode coupling plays an important role in the fast seeding of NTMs by sawtooth crashes [19] and is one of the main reasons why sawtooth-free advanced scenarios are seen favorable for large tokamaks like ITER [47] . The theory of coupling of helical (m, n) harmonics to (m ± 1, n) sidebands was recently advanced [48] by an extension of the "resistive infernal mode" model [49] and underlined by extended MHD simulations of infernal-to-tearing mode coupling [50] . Section 5 presents the dynamics of the bursty mode, or coupled bursts alternating with sawtooth crashes (CAS), where the bursts are m = 1 and alternating with sawteeth while an m = 2 background mode persists. The evolution of the CAS is closely connected to the EC-heated suprathermal electron population at the q = 1 surface.
Experimental conditions, tools and methods

TCV tokamak
TCV is a conventional aspect ratio tokamak (major radius (R) 0.88 m, minor radius (a) 0.25 m) and a major European fusion facility [1, 2, 3] . TCV provides unique plasma shaping capabilities and covers a large range of plasma parameters. It features an extremely high power density ECRH and ECCD system, which is also highly flexible due to 6 independently realtime controllable 2nd harmonic extraordinary mode (X-mode) (X2) launchers [51, 52] .
During the presented experiments up to 5 gyrotrons (launchers) with a total power of 2.5 MW were ready to tailor the current profile and electron distribution function (e.d.f.) appropriately. Together with the state of the art diagnostic systems presented in the following, TCV therefore is an optimal environment for suprathermal electron and MHD studies [26, 53, 54] .
MHD diagnostics
The duplex multiwire proportional X-ray counter (DMPX) diagnostic detects soft X-ray (SXR) radiation in two energy bins (2 − 30 keV in top and 4 − 30 keV in bottom chamber) at high spatial (7.9 mm and 16.3 mm chord spacing) and temporal resolution (50 kHz, acquisition at 250 kHz) [55] ; it is the main diagnostic for sawtooth detection and analysis on TCV. The soft X-ray tomography (XTOMO) comprises 10 SXR cameras with 20 lines of sight (LoS) each, acquired at 100 kHz [56, 57] . In conjunction with the general tomographic inversion (GTI) code [58] and its included singular value decomposition (SVD) analysis [59, 60, 61] MHD modes can be identified and quantified. The magnetic probes, also calledḂ probes or Mirnov coils, measure the change of the poloidal magnetic field (B θ ) component tangential to the vacuum vessel. TCV features 4 poloidal arrays with 38 and 3 toroidal arrays with 16+1 such pick-up coils each. Acquired at 250 kHz they provide data for toroidal (and poloidal) mode numbers up to 16 [62] .
HXR diagnostics
The tangential X-Ray detector array (TXDA) measures HXR photon flux (2 − 200 keV) using cadmiumtelluride (CdT e) detectors at typically 100 kHz. It was developed in conjunction with T-10, where a similar diagnostic is installed [63, 64] . A photo multiplier tube for hard-X rays (PMTX) monitors uncollimated MeVrange radiation escaping the TCV vacuum vessel. The HXRS is the main HXR diagnostic at TCV, in the final design this tomographic system will consist of 4 cameras with 24 LoS each covering the whole poloidal cross section, resulting in a space resolution of a few cm. For the present studies the first 3 (LFS midplane, top, bottom) cameras were successively available and represent the key experimental instrument for suprathermal electrons. The present LFS camera can be rotated by 90 deg providing toroidal coverage in the co-and counter-current directions. [25, 65] The detectors are CdT e diodes with a system energy resolution of 7 keV covering a primary range from 13 to 300 keV. The full-pulse digital data acquisition, at 12 M samples /s, followed by digital post-processing, provides the time and energy of every single measured photon, allowing for data analysis based on arbitrarily chosen energy bins and time resolution. The latter depends on the photon statistics, with the detection system capable of handling up to 500 000 counts per second (cps) [66] . The statistics can be increased by conditional averaging with respect to (w.r.t.) sawtooth crashes or mode oscillation, increasing the effective time resolution from typically 10 ms to 0.1 ms or 10 µs, respectively.
Suprathermal electron dynamics during sawtooth crashes
The dynamics of the e.d.f. during sawtooth crashes, especially regarding transport and acceleration of suprathermal electrons, are studied in EC-heated low confinement mode (L-mode) plasmas in TCV. ECRH/CD is neither used for sawtooth triggering nor to stabilize sawteeth, such as to produce extremely long or large sawteeth (monster sawteeth). The sawtooth period is about 3 − 4 ms and the crash amplitude is about 20 − 30 % in the SXR signal and in the bulk electron temperature relative to the peak before the crash. The HXRS can resolve the dynamics with 0.1 ms resolution due to conditional averaging w.r.t. the crash time. In a discharge typically a few hundred sawtooth crashes are detected by the DMPX and the reference time is put at the middle of the drop. It turns out that two main regimes, primarily depending on electron density (n e ) and loop voltage (V loop ), can be distinguished. At higher density, the temporal variation of the HXR emission, and partially of suprathermal electron temperature (T e,2 ), mimic those of the SXR and thermal bulk temperature. At low density, at the limit to a fully runaway discharge, HXR bursts in the MeV-range are observed immediately after each sawtooth crash. The characteristics of these two regimes are presented below, followed by the even more interesting dynamics occurring in the transition region in between.
High density limit and low density cases
In medium and high electron density discharges, typically at n e ≈ 3 · 10 19 m −3 and above (high density limit), the temperature of the suprathermal tail is usually quite low, and so are the HXRS count rates above E γ 40 keV; the presence of runaway electrons in particular can be excluded. In these discharges, the time evolution of the HXR and SXR emission is very similar and follows the typical sawtooth cycle of slow central emission rise followed by a sudden drop. The same behavior is also observed in the deduced temperatures for the bulk (T e ) and the suprathermal tail (T e,2 ), with the only apparent difference that the relative temperature variation of the suprathermal tail is much lower than that of the bulk plasma, i.e. the suprathermal electron loss does not depend significantly on energy in the observed range 15 − 40 keV. While in the SXR and electron temperature (T e ) profiles a central flattening and radial broadening is observed, the suprathermal tail is reduced everywhere in temperature and density.
Therefore no bulk acceleration of electrons due to magnetic reconnection at the q = 1 surface can be inferred from HXRS data, while acceleration of electrons at thermal energies and/or at a lower rate as compared to the loss is not excluded.
At low electron density, typically n e ≈ 1 · 10 19 m −3 , HXR bursts are observed by the TXDA and PMTX diagnostics (figure 1). In order to be detected by the PMTX their energy has to lie in the MeV-range. The shielding of the TXDA is insufficient for such energetic photons. Furthermore, a series of experiments with the TXDA tangentially observing different locations in the plasma, and in co-and counter-current direction, do not show any dependence of the measurement on either the location or the direction. This means that not even a distinguishable fraction of the TXDA signal comes from collimated radiation. While the PMTX observes significant radiation outside of the bursts only in an initial phase of the discharge where it is fully runaway, the TXDA still collects reduced, but definitely non-zero radiation, attributed to a lowered, but persisting runaway electron population. Also the blind HXRS detectors, especially in the lateral camera, see a finite number of high-energy photons in between the sawtooth crashes, while their signal is entirely saturated during the MeV gamma ray (γ) bursts coinciding with the crash. Therefore, the HXRS can detect these bursts and their duration, but cannot deliver any additional information such as emission location, photon flux or time evolution. Due to its position in a bottom port and low detection efficiency (η) at high E γ > 30 keV, the top DMPX camera signal is hardly affected by the bursty emission, only the bottom camera sees the bursts at the sawtooth crashes on all channels because of its thicker filter and therefore relatively increased η at higher energy. Interestingly, in both chambers the burst signal is largest in the channel looking at the HFS limiter. This indicates that high energy electrons hit the wall right after the sawtooth crash. A possible explanation is that electrons are accelerated due to magnetic reconnection during the sawtooth crash and a part is also transported to the HFS wall. In this acceleration-dominated case significant high-energy bremsstrahlung emission comes from accelerated electrons remaining in the plasma. The alternative explanation is that the few persisting runaway electrons that are present in the plasma core emit little bremsstrahlung radiation due to their low collisionality there. During the sawtooth crash they are transported to the limiting wall, where they collide with the thick target. Without spatial resolution or additional diagnostics (e.g. synchrotron radiation measurements of runaway DMPX [1, 10] keV HXRS [15, 20] keV HXRS [20, 30] keV HXRS [30, 50] keV HXRS [50, 70] electrons), the relative importance of these two effects cannot be quantified.
Electron transport
The intermediate regime between the cases presented above is realized for instance in discharge 48228, at low density with significant current drive. That is, a high energy suprathermal tail is built up, but due to the low V loop no runaways are present, confirmed by the blind detector of the upper HXRS camera 2. The lateral camera 5, being slightly perturbed by low level uncollimated HXR, can still be used in the lower energy bins where the radiation is collimated as in camera 2. The result of the 2D tomographic inversion in the plasma center shows that the behavior there is similar to the higher density case with greatly increased suprathermal electron temperature and density; additionally, a broadening of the emission profile is observed (figure 2). The emission drop in the plasma core is observed by the DMPX and HXRS central chords in different energy bins (figure 3), that show essentially the same evolution during the crash. After the crash, the low-energy HXR emission rises more rapidly than the SXR and high-energy HXR signals. This indicates that the suprathermal tail is built up rapidly at low energy and then grows to higher energy more slowly on the timescale of the T e rise. The chords of camera 2 that observe the HFS limiter register only a very low signal in the inter-crash phase. Right after the crash, however, the emission at high energies ( 50 keV) shows a burst with similar evolution as the bursts in the low density case, but at lower, still measurable energies, and collimated. The comparison to the central and a mid-radius chord (figure 3) shows that while the high energy HXR emission decreases in the center during the crash it already increases at midradius; 0.1 ms later, in the middle of the crash, the emission from the limiter increases much more quickly. The bottom of the central emission coincides with the top of the mid-radius and edge emission peak. In summary, the central suprathermal electron distribution is significantly affected by sawtooth crashes throughout all energies observed, up to 100 keV. While the radial outwards suprathermal electron transport can be followed on the individual chords until a large fraction of the fast electrons hits the limiter and emits energetic HXR bursts, a contribution from acceleration could not be distinguished from the perpendicular HXR observation.
Electron acceleration
To investigate possible forward electron acceleration during the sawtooth crash at the high electron energies involved, tangential observation of the HXR emission is more efficient. With the HXRS camera 5, such measurements are performed for co-current ECCD (co-ECCD) (discharge 43205) and counter-current ECCD (cnt-ECCD) (43206). There, a change in MHD and sawtooth activity (longer period, larger crash amplitude) causes a density drop in the second phase of the discharge that puts it into the right parameter range for the intermediate regime.
As shown in figure 4 for co-ECCD and figure 5 for cnt-ECCD, the impact of the sawtooth crash is severe in both cases: the parallel HXR emission from the plasma center in the lower energy range (20 − 50 keV) drops to about one fourth within about 0.2 ms. At higher energies (≈ 75 keV), it falls only to a half. Energies above 100 keV are even less affected, which is also reflected in the increase of T γ during the crash. The lower statistics prevent a precise quantification at such high energy. The signal on the chords observing the HFS wall nearly tangentially and crossing the plasma center at an angle of about 45 deg drops also significantly at the crash in the low energy range (20 − 30 keV), but hardly changes for E γ > 40 keV. Interestingly, the relative drop depends, for all channel pairs, neither on the viewing nor on the current drive direction. This indicates a general suprathermal electron loss, probably depending on (parallel) momentum, during the sawtooth crash; in this phase, no signs of particle acceleration can be found in the HXR emission. Immediately after the crash the HXRS suggests more complex dynamics. In the co-ECCD case the forward emission at E γ > 40 keV rises about twice as fast (0.4 ms) as the backward emission (0.8 ms) to a more than doubled emission. For cnt-ECCD this reheating is nearly equally fast in both directions (0.6 ms). The co-view chord observing the HFS wall sees a quickly (0.2 ms) rising HXR burst at high energy, subsequently decaying with a time constant of about 0.6 ms. It is more intense for co-ECCD, where it is also observed by the cnt-view chord, at lower amplitude and energy. There are only two intermediate chords and they do not cover the mid-radius position whose emission in discharge 48228 clearly indicates transport. But the time scales agree, the transport to the limiter occurs within 0.2 ms, i.e. at 1.2 km /s. The slight time shift in energy hints that it may be on the slower side for electrons with higher parallel velocity (v ). In contrast to the crash phase, now particle acceleration also seems to play a role: the emission above 100 keV rises beyond the pre-crash value in the chords observing the plasma center. Due to the low statistics, however, the acceleration cannot be quantified, but one observes that the accelerated particles are also quickly lost.
Discussion
Results on LHCD-created suprathermal tails at higher energy in giant sawteeth [23] suggest that electrons with relativistic v are hardly affected by sawtooth crashes. Due to larger perpendicular velocity (v ⊥ ) in the case of ECCD, neoclassical effects play a larger role than in the case of LHCD and may explain why suprathermal electron loss is still observed at energies around 100 keV on TCV. Also there are very significant differences, e.g. shaping, between the TCV and Tore Supra scenarios, prohibiting a quantitative comparison. The distinction of the dominating suprathermal electron transport from electron acceleration is difficult, even with state-of-the art diagnostics; not only high resolution, but also excluding the misinterpretation of uncollimated photons as collimated measurement is essential. Nonetheless, the observed electron acceleration in T-10 [20, 21] could also be explained by significantly different plasma parameters favoring acceleration over transport. While the observed energetic electron showers on the first wall should be mitigated by the high density in reactor-relevant conditions, anomalous transport of EC-heated suprathermal electrons by MHD activity may generally cause a reduced efficiency of ECRH and ECCD applications.
Electron fishbones
The electron fishbone experiments in TCV were developed from observations on other tokamaks and based on the existing theory (section 1.2). Accordingly, the main focus was on circular plasmas, in order to maximize the population of barely trapped electrons and the depth of their drift reversal. The therefore also pursued low-elongation (κ) negative-triangularity (δ) shape scenario had to be abandoned due to limited experimental time. X2 heating is localized on the HFS in a co-ECCD configuration, with the minor radius being scanned in toroidal magnetic field (B φ ) steps from shot to shot. This yields the required off-axis peaked pressure profile and a flat or slightly reversed q-profile due to co-ECCD and optional additional central cnt-ECCD. The minimal q (q min ) is ramped from above one through q min = 1 to below one and back by ramping the plasma current (I p ). The appearance of sawteeth indicates that the safety factor has dropped below one and compensates the lack of q-profile measurements in TCV. I p has to be kept quite low due to the constraints in q and the rather low B φ . The resulting T e (ohmic preheating) is just sufficient for initial X2 absorption if n e is comparably low. Such low n e is also advantageous to increase the fraction of suprathermal electrons, and subsequently the fraction of trapped energetic electrons.
The scenario is, due to this low n e requirement, closely bounded by the threshold for significant runaway production and the threshold for good initial X2 absorption. The latter is the bigger concern, since X2 waves that are only partially absorbed and can thus escape the plasma may trigger the window protection system and shut down the gyrotrons; however, runaways are an issue for the HXRS and even SXR diagnostics signals (saturation). In the presented experiments the HXRS is indeed partially saturated by uncollimated radiation originating from runaway electrons, whereas the XTOMO signals are not significantly perturbed; the tomographic inversion can be analyzed by SVD. This method identifies the main spatial and temporal structures (called topos and chronos, respectively) of a signal. It can be generally applied, not only on the time evolution of the 2D SXR emission profile in the poloidal plane, but for instance also on the magnetic probe signals.
Experimental observation
The first observation succeeds in TCV discharge 48440, with a slow I p ramp (current ramp rate dI p /dt = 30 kA/s) and constant n e (n e,0 = 2 · 10 19 m −3 ). On the XTOMO, a single fishbone-like burst, a m/n = 1/1 mode chirping down in frequency, appears at t = 1.08 s when q min ≈ 1, just before the first sawtooth ( figure 6 ). It is also observed by the LFS ECE system [67] , but not by the magnetic probes. In order to prolong the phase when the mode appears, 48440 was repeated at a constant I p = 164 kA. In this discharge, 48442, a similar burst appears on the XTOMO ( figure 7) and LFS-ECE, also just before the first sawtooth, when q min drops below 1. Although the total current remains constant, q min decreases due to the q-profile evolution. So the burst is not significantly longer than before. Again, it is not repeated, as had been observed on other tokamaks. In contrast to 48440, the frequency of the mode chirps upwards, which is unusual for electron fishbones. Based on the very promising discharges 48440 and 48442, further discharges were performed in a later experimental session, aiming at lengthening the phase q min 1 by slowly decreasing I p . In theory, this should result in longer or even multiple bursts. Additionally, discharges with increased n e were performed to prevent the generation of runaway electrons and obtain a useful HXRS measurement. However, none of these discharges showed any evidence of modes similar to those of 48440 and 48442. Moreover, even a straight repetition of 48442 in discharge 48717 could not reproduce the fishbone-like mode, although all plasma parameters (except 10 % different density) were well matched. This hints that the discharge conditions are such that the mode is only marginally unstable. Therefore, a few more experiments based on 48440 were planned, but with modified heating and current profile tailoring, aimed at finding a more unstable point in parameter space. Due to the limited number of shots it was not possible to conduct all planned experiments and the ones that were performed did not contribute further fishbone-like observations.
Discussion
The oscillation in both successful TCV experiments is very similar, except for the direction of the frequency chirping. Experimental observations on other tokamaks and theory tell us that electron fishbones chirp down in frequency because they are moving radially outwards and the temperature of the mode-driving electrons decreases. In 48440 and 48442, however, the XTOMO shows that the radial extent of the mode shrinks slightly, by a few percent of poloidal flux surface label (ρ pol ).
Since the Fokker-Planck simulation does not take any direct effects of the mode into account and there is no usable HXRS data, the evolution of the barely trapped (and passing) suprathermal electron population remains unclear. To be consistent with electron fishbone theory and observations on other tokamaks, the temperature of this population has to decrease in 48440, overcompensating the radial displacement, and increase in 48442. If the mode is not an electron fishbone, the differing frequency chirping direction could be explained by the different I p and qprofile evolution. In summary, the TCV experiments originated good candidates for electron fishbones. Lack of experimental data (HXRS polluted by runaways) and reproducibility prevent a definitive conclusion on the nature of the observed mode. Further investigation was limited by experimental time, but is to be continued in future campaigns at TCV.
Bursty mode (CAS)
The bursty mode, or coupled bursts alternating with sawtooth crashes (CAS), is often observed in ECheated plasmas in TCV under certain conditions. Here two typical cases are presented, a first scenario with pure ECRH ( figure 8 ) and a second scenario with an optimized ECCD deposition profile ( figure  12 ) and increased mode amplitude. Generally, a m/n = 2/1 mode with changing amplitude persists in the background, while the main dynamics are characterized by regularly repeated m/n = 1/1 bursts that alternate with sawtooth crashes. Being separated in time, the bursts are neither a pre-nor a post-cursor of the crashes, but still closely connected. A complete study has to cover dynamics at the burst occurrence rate as well as at the burst mode frequency (f mode ). The required data analysis is briefly introduced here before the results are presented. The main reference point on the slower timescale is the fast p e rise before a burst. Conditional sampling of Thomson scattering (TS) [68, 69] data and conditional averaging of HXRS w.r.t. these time points reveal thermal bulk and suprathermal electron dynamics during the preceding sawtooth crash and the following burst evolution on a sub-ms timescale. The dynamics during the mode oscillations in the burst can be studied by averaging XTOMO and HXRS data at f mode ≈ 7 kHz. The reference times are obtained from the peaks in the first chronos of the SVD corresponding to the frequency band filtered tomographically inverted XTOMO data, resulting in the same 100 kHz time resolution for both X-ray diagnostics.
Since non-axisymmetric structures in the plasma (the mode) are slower than such a high time resolution, the assumption of toroidal axisymmetry in the Xray emission breaks down. Being no concern for the XTOMO, whose cameras are located in the same sector (#11) of TCV, the different toroidal location of the HXRS cameras (2 and 7 in sector 4, 5 in sector 9) has to be taken into account. For a toroidal mode number n the difference in toroidal angle (∆φ) corresponds to a time shift ∆t = σ n∆φ 2πf ,
where f is the mode frequency (f mode ) and σ ∈ {±1} is a sign depending on helicity and rotation direction. The raw HXRS time traces of the individual cameras are time-shifted by ∆t depending on their position w.r.t. sector 11 (XTOMO). Conditionally averaged, the HXR emission of n = 0 and n = 1@f mode structures as if the HXRS cameras were all located in the XTOMO sector is reproduced. A standard tomographic inversion of this modified data then produces a correct result.
ECRH Scenario
In the triangular plasma ECRH scenario, central ECRH is applied with some additional off-axis heating (figure 8); mode bursts are observed on the SXR and MHD spectrograms. On the XTOMO (figure 9), one or more sawtooth crashes are observed in the phases between the bursts of ≈ 2 ms length. A first sawtooth crash occurs 1−2 ms after the mode burst vanishes; if it happens rather early more sawteeth can follow before the next burst phase, while a rather late sawtooth has more impact and is not followed by others before the mode recurs. After a single late sawtooth or the last sawtooth of a series, the central SXR emission rises to a value that is significantly higher than the top of the sawtooth cycle. During this rise, which lasts for less than 1 ms, no mode activity is observed in the SXR signal.
At a certain point, the m/n = 1/1 mode is destabilized and grows within one or two oscillations (f ≈ 7 kHz) to its maximal amplitude. Its impact on confinement is traced in the now decreasing central SXR emission. The amplitude of the mode hardly changes in the first half of the burst (after its sudden rise), before it decreases, while the mode frequency remains constant for the entire burst duration ( figure 9 ).
On the Mirnov coil arrays (figure 10), the SVD of the toroidal arrays observes a toroidal mode number n = 1, as expected for the m = 1 mode. The poloidal array, however, shows two peaks, therefore m = 2. While the frequency is equal, the time evolution also differs significantly from the XTOMO (SXR) observation: the m/n = 2/1 mode persists and its amplitude varies irregularly, not in periodic self-similar bursts. Nevertheless, the two modes are closely related. Since the mode frequency is the same, one can perform conditional averaging of the poloidal Mirnov coil array based on the GTI XTOMO SVD chronos (figure 11). It shows again the observation of m = 2 by the poloidal probes and also means that the modes (or mode components) are in phase, even over multiple bursts.
To eliminate the dominant modes in each of the two diagnostics, we make use of the principle that a rotation of a poloidal signal by ∆θ pol = π (half a turn) keeps the even m components unchanged, while the odd components are inverted. The sum of the poloidal Mirnov array and its rotation therefore removes the main m = 2 feature. Still, no m = 1 component is revealed: very likely its magnetic perturbation is well shielded due to the very central location of the mode. In contrast, the difference of the GTI XTOMO SVD topos to its half a turn rotated counterpart eliminates the m = 1 component and unfolds the further off-axis m = 2 mode structure in figure 11 . Its SXR amplitude is clearly weaker due to the generally lower emission at its location as compared to the central m = 1 structure.
ECCD Scenario
In the ECCD scenario, with co-ECCD located close to the q = 1 surface (figure 12), the bursty mode occurs again ( figure 13 ). It shows essentially the same time evolution and spatial structure, and the frequency is only slightly shifted upwards. However, the amplitude of the mode is greatly increased, leading to a drop of central SXR emission (confinement) of about 15 %. Also, the (absolute and relative) signal drop in the preceding sawtooth crashes is reduced. R XTOMO [1, 13] keV R HXRS [13, 20] keV R HXRS [20, 30] keV R HXRS >30keV z XTOMO [1, 13] keV z HXRS [13, 20] keV z HXRS [20, 30] keV z HXRS >30keV Figure 14 . Evolution of the emission center (1 st moment) in R and z direction during a mode period in discharge 49501; obtained from tomographic inversion of X-ray emission in the poloidal plane in 4 energy bins at several times in a mode period
Suprathermal electron dynamics during bursts
The effect of the fast m/n = 1/1 mode burst oscillations on the suprathermal tail is studied in discharge 49501. Having the same plasma parameters as the ECRH discharge 43618, 2D tomographic inversion of the HXRS is provided by the 3 cameras available (in 43618 only camera 5 was installed).
As shown in figure 14 , the radial excursion of the first moment of the HXR emission pattern in the poloidal plane is much larger than in the SXR range, both exhibiting the m/n = 1/1 structure; an m = 2 component is not observed. The excursion in the HXR range increases further with photon energy (E γ ). In summary, the suprathermal electron population is significantly affected by the mode, and this is more pronounced at higher energies.
Mode excitation
The stability and excitation of the mode burst is studied with respect to the start of the p e rise in the crucial phase after the last preceding sawtooth crash. Conditional averaging (and shifting) of TS data delivers n e , T e and subsequently p e profiles ( figure  15) ; their time evolution is additionally verified by a cross-check with tomographic inversion of far infrared interferometer (FIR) [70] and DMPX data. Similarly, the corresponding suprathermal electron pressure (p se ) profile can be estimated from HXR emission ( figure  16 ). The mode evolution can then be explained in conjunction with the typical q profile evolution during sawtooth cycles. The last burst-preceding sawtooth crash flattens the central q profile and increases q min . Suprathermal electrons are, as generally observed for sawtooth crashes, ejected from their slightly off-axis peaked location at the q = 1 surface. Meanwhile, T e,2 and the thermal profiles do not change significantly. After the expulsion of some of the suprathermal electrons, the suprathermal electron population grows rapidly and broadly in the whole plasma center, up to ρ tor ≈ 0.35. As already observed for sawteeth in the intermediate regime (section 3.2), the suprathermal electron pressure rises more rapidly than its thermal counterpart during a phase in which the q profile is still flat in the center. While the insufficient T e and the elevated q min prolong the stability against a sawtooth crash, the suprathermal electrons, aided by the flat central q ≈ 1, already destabilize the bursty mode. The importance of strong coupling to the present m = 2 component under these q profile conditions may also play a major role in the excitation of the m = 1 burst. Due to its impact on confinement, the mode then reduces T e,0 and prevents sawtooth crashes during its whole duration. Since the mode mainly drags the suprathermal electrons around, rather than ejecting them from its habitat, the mode persist. Ultimately, due to diffusion of the I p profile, the central q drops again, reducing the mode drive and therefore its amplitude.
After the mode has diminished, q min -by then significantly reduced -and the adequate present p e destabilize a sawtooth crash. Especially crashes with small amplitude seem to be insufficient to produce the conditions required for a destabilization of the bursty mode, e.g. regarding the rise and flattening in q (possibly incomplete reconnection). Hence, they can be followed by one or more sawteeth, eventually reestablishing the bursty mode destabilization. 
Discussion
The CAS consist of internal m/n = 1/1 kink mode bursts that are coupled to a background m/n = 2/1 mode and connected to sawtooth crashes. The bursts have a significant impact on overall confinement and drag the suprathermal electrons around, with a higher radial excursion of the first moment than the thermal electrons. Their excitation can be explained by the coupling to the persistent m = 2 component under the flat q ≈ 1 profile condition after a sawtooth crash, that is predicted by extended MHD theory [48, 50] . The process differs from sawtooth triggering of NTMs [19] , where the driving and driven roles are exchanged and the triggered mode is seeded fast (within 100 µs) instead of being well separated in time from the sawtooth crash (by ≈ 1 ms). Furthermore, the destabilization of the mode seems to be connected to the faster reheating of the suprathermal electron distribution at the mode location as compared to the thermal e.d.f.. Also, this probably stabilizes the sawtooth [52] until the appearing mode burst reduces confinement and therefore then lowers the sawtoothdestabilizing p e .
Conclusions
The suprathermal electron dynamics during the sawtooth cycle are dominated by the impact of the sawtooth crash and a low and a higher density regime can be distinguished. The intermediate regime can be efficiently studied with the HXRS and exhibits characteristics of both limits. As in the higher density case, the suprathermal electrons show a similar behavior as the thermal electrons, the slow rise in between crashes is followed by a fast loss of energetic electrons during the crash. This is observable up to energies of 100 keV and the outward transport decreases only marginally with energy in this range. As in the low density case, high energy electrons are transported to the limiter and emit bursts of thicktarget bremsstrahlung radiation. Immediately after the crash, the lower energy part of the suprathermal tail is reheated faster than the thermal and higher energy e.d.f.. Electron acceleration by magnetic reconnection cannot be explicitly observed, but it is conceivable that some electrons are accelerated to runaway energies and undergo such a low number of collisions in the plasma that only their bremsstrahlung emission from the limiting wall can be measured. In this respect, the envisioned implementation of tangential synchrotron radiation measurements for future runaway studies on TCV could even further improve the understanding of electron acceleration in sawtooth crashes.
Although the reliable excitation of the electron fishbone instability on TCV proved more difficult than expected, initial observations and first results could be presented. The significant confinement impact of the fishbone bursts are reflected in a bulk SXR emission drop by 15−25 %. Further development of the scenario is planned and may be aided by recent real-time control upgrades [71] .
The effective reheating of the suprathermal tail in its lower energy region seems to play also an important role in the destabilization of the bursty mode. These coupled bursts alternating with sawtooth crashes (CAS) are m/n = 1/1 internal kink mode bursts that reduce the central SXR emission (confinement) significantly by up to 15 %. The burst excitation can be explained in connection with coupling to a background m = 2 component under the flat q min ≈ 1 profile conditions provided by a preceding sawtooth crash.
